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A CRITICAL SURVEY OF TURBULENCE IN BEARINGS




The subject of turbulence in bearings is critically surveyed. Both A. Introduction
experimental and theoretical investigations are discussed. It is noted The earliest work connected with bearings outside the laminar regime
that beyond the laminar range, Taylor vortices develop. Some vortex structure was experimental in nature. Many investigations, particularly the early ones
exists even up to the highest Reynolds numbers. This suggests that the tur- have been visual in nature. Gross measurements of such quantities as torque
bulence in bearings is much different from that which is found in other flows have been used to indicate nonlaminar behavior. A few studies have used
such as pipes or boundary layers. Unfortunately, the theoretical models anemometry. However, no in-depth studies have been made of turbulent quan-
have been based on mixing length or "law of the wall" information. A call is tities.
made for experimental information to formulate new theory applicable to The types of bearings studied have mainly been plain journal bearings.
bearings. This type of film is most likely to go beyond the laminar regime. However,
INTRODUCTION
interesting variations of the plain journal such as step journal, helical
grooved journal bearings or viscoseals have received little attention.
In recent years there has been a great deal of interest in turbulence The earliest experiments involved long concentric cylinders. Later
in bearings. In earlier studies flows that were observed in lubricant films refinements included end effects and eccentricity. Some recent work has
were laminar in nature. This was borne out by experiment and also by the also included blockage and tilted pad effects.
agreement between laminar theory and experiment. Nonlaminar flow in bearings has several characteristic features. Some
Nonlaminar flow occurs in bearings for two main reasons. The first is of these are unique to bearings and some are found in other areas of fluid
high speed operation. The second is the use of unconventional lubricants mechanics. These features include:
such as water or liquid metals. These materials are frequently used as 1. There is a definite development of secondary vortex flow when the
process fluids. The need to simplify equipment design or the difficulty of flow becomes nonlaminar. Possible exceptions to this are flows where^:
overcoming shaft sealing problems led to their use as lubricants. A high 
velocity combined with a low kinematic viscosity leads to high Reynolds
C/R < — i- 2500
numbers and departure from laminar flow.
Generally, for bearings this value is around .001. Another exception is
For journal type bearings, to which most attention has been devoted,
possible in the largest clearance of an eccentric bearing.^
above the laminar range there is almost always a flow regime in which a
2. The secondary flows observed are in many cases laminar for a large
vortex structure exists. As the Reynolds number increases, departure from
range of parameters despite their complex nature. Since they also are orig-
laminar flow is first observed by the formation of Taylor vortices, named
inally stable, there is no reason that they would disappear from the flow
field completely in the presence of turbulence. Some modification, however,
after G. I. Taylor who first observed this phenomenon. With a further in­
crease, turbulence appears to occur but some vortex structure almost always
31is apparently evident.
exists, even with higher Reynolds numbers. Thus the flow is inherently dif-
3. The flow field is a three-dimensional flow field which, due to end
ferent from the turbulent flow that occurs, for example, in pipes, boundary
leakage, is composed of an axial flow in addition to the tangential flow.
layers, or jets.
As pointed out by Burton,^ the circumferential type flow is a Couette type
Unfortunately, the experimental work that has taken place has mostly
flow whereas the longitudinal flow is a pressure type flow. The two types
concerned itself with gross measurements such as torque and pressure and not
cannot be separated since the flow field is really a combination of both.
much has been done to measure quantities such as fluctuating flow components.
4. Geometric factors such as existence of steps, length of bearings and
Theoretical descriptions of turbulent flow in bearings have drawn upon
the way the lubricant enters the bearing all have strong influence.
mixing length theory and laws developed for fully developed flow in pipes.
The word turbulent flow is frequently applied in bearing literature to
It is obvious from the brief discussion above that such models cannot ade-
any flow which is nonlaminar. From the above statements, this is perhaps a
misnomer.
quately describe the flow field. Also, the convective inertia terms have 
almost always been neglected in the equations of motion. These terms are
Experimental investigations are described below in more detail.
important in high speed flow and it is thought that some effects attributed B. Concentric Cylinders
to turbulence may be caused by inertia. Surprisingly, these theoretical G. I. Taylor‘S was the first to discover the nonlaminar nature of flow
analyses have been reasonably successful in predicting characteristics of between concentric cylinders. Long concentric cylinders, with the inner
bearings operating in this regime. cylinder rotating and the outer cylinder stationary, model full journal
A brief history of experimental and theoretical investigations of bearings with two important exceptions. They do not show end effects and
turbulence in bearings is given below. the effects of eccentricity.
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Taylor analyzed mathematically the stability of incompressible viscous 
flow in a narrow annulus between rotating concentric cylinders of infinite 
length. His analysis predicted the initial instability for the case of 
rotating inner cylinder and fixed outer cylinder to be in the form of uni­
form symmetrical vortices or eddies. Taylor's instability criterion may be 
given in the form of a critical Reynolds number :
Re = PUcrC = 41-1 
cr
for cylinders whose separation distance is small compared to their radii.
Taylor confirmed both the value of the critical speed and the existence 
of the pairs of vortices by means of flow visualization, using the flow of 
water between vertical cylinders witn zero axial velocity. Later on, with
r 5different fluids and different values of — , Taylor was able to verify his
R
stability criterion by a number of torque measurement experiments. The re­
sults of one of his experiments showing the relationship between Log —!E—
N PN
and Log are shown in Figure 1. The solid line indicates laminar flow.
Deviations from this indicate the onset of vortex flow.
Schultz-Grunow and Hein*’ among others have also made visual observations
of the formation of Taylor vortices in concentric cylinders. Their results
3are shown in Figure 2. At a Reynolds number of 3.96 x 10 the vortices 
become disturbed. The flow becomes more turbulent. However, the vortex nature
4of the flow is still evident, even at a Reynolds number of 2.13 x 10 .
Pai7 studied the vortices between concentric cylinders using hot-wire 
anemometry. He found the flow between the vortices obeyed logarithmic velo­
city laws, and that the vortices existed at several hundred times the critical 
speed. Thus, the flow could be described as turbulent plus vortices.
Figure 1 - Variation of Torque with Speed (Ref. 4).
C. Eccentric Bearings
Wilcock^ was one of the first to observe nonlaminar characteristics in 
real journal bearings. He performed some experiments with nonconcentric 
journal bearings under loads operating above and below the Taylor transition. 
He indicated a general agreement between measurements and the predicted 
transition, with discrepancies which may have been caused by heating of the 
oil film. The transition was evidenced by (a) increased power loss, (b) in­
creased bearing temperature, (c) reduced oil flow, (d) a sharp break in the 
dimensionless shaft eccentricity and (e) a break in the Sommerfield friction 
factor plot toward higher bearing friction. He also checked the critical
2speed by the torque measurement technique which Taylor employed earlier.
9From torque measurements, Smith and Fuller presented the frictional 
characteristics of an unloaded full journal bearing in a log-log plot of
experimental data of coefficient of friction, f, vs. Reynolds number, see
b
Figure 2 - Visual Observation of Taylor Vortices (Ref. 6), (a) interweaving of
vortices R = 865, (b) beginnings of turbulence R = 1840, (c) coarse 
turbulenceeR = 3950, (d) refined turbulence, R = 10,000, (e) change 
of partioning of the vortices R = 113,200, (f) new vortices of
double breadth, R =21,300. 6e
Figure 3. Taylor's calculated critical Reynolds number is indicated on the 
graph, and it is seen that it is actually very close to the point of departure 
from laminar behavior as observed by test. Smith and Fuller were operating 
in the vortex region with probably little superimposed turbulence. Pressure 
distributions were measured as well as the relationship between eccentricity 
and load-carrying capacity.
2The effect of eccentricity was discussed most completely by Vohr .
Figure 4 shows the critical speed for onset of vortices vs. eccentricity 
ratio. As indicated, the transition speed for onset of vortices increases
78
Figure 3 - Frictional Characteristics of a Journal Bearing (Ref. 9).
Figure 4.- Effect of Eccentricity on Onset of Vortices (Ref. 2).
Figure 5 - Effect of Eccentricity on Friction Factor (Ref. 2).
significantly with eccentricity ratio. Eccentricity also has marked effect 
on friction factor, as shown in Figure 5. Visual results also showed inter­
esting effects. For an eccentricity ratio of .707, and a speed 157, above 
the critical, the vortices developed a waviness in the wide clearance region. 
The flow in this region broke down into large, apparently irregular eddies 
with further increase in speed. The vortex structure remained intact in 
the narrow region. This can be seen in Figure 6. Part a shows the large
eddy motion and part b shows part of the narrow region. With increased 
Reynolds number, the turbulence developed in more regions of the flow. The 
eddies eventually became finer and a vortex structure appeared again and 
persisted up to the highest Reynolds number studied.
D. Effect of Bearing Length
Kaye and Elgar^-O used photographic and hot wire techniques to investigate 
the effects of end leakage on concentric cylinders. Their results are shown 
in Figures 7 and 8 for two values of clearance. The velocity, V, used in 
Reynolds number on the ordinate of the curves is the axial velocity. Note 
that purely turbulent flow only occurs for axial flow with reasonably high 
Reynolds number > 1000. This is an extremely higu leakage rate for bearings. 
Note also that for no leakage no turbulence was observed. Since most journal 
type bearings have some side leakage, Figures 7 and 8 show that they will 
have a combination of turbulent and vortex flow with high speeds of rotation. 
Yamada ^>33,34 jjas done considerable work in this area. He took torque
measurements of concentric cylinders with axial flow. The effect of rectan-
34gular grooves was also studied.
E. Measurements of Turbulent Intensities
Quantitative measurements of turbulence have been measured by Burton 
and C a r p e r . Experiments were carried out using a hot wire anemometer on a 
large scale model of a journal bearing. Velocity profiles showed the flow 
to be turbulent in nature as can be seen in Figure 9. The fluctuating com­
ponent, u', is plotted for a half thickness of the film and compared to pipe 
flow in Figure 10 for the concentric bearing. Near the wall, the flow 
agrees very well with pipe flow, but away from the wall, there is a notice­
able difference. This the authors attribute to the presence of a midstream 
shear stress, which is absent in pipe flow. For an eccentric bearing, with 
varying film thickness, the results are shown in Figure 11. Near the wall 
there appears to be a common value for all thicknesses. Midstream turbulence
79
1 / 2  3 / 2 / , ,
NR C /  V
Figure 7 - Flow Regimes in a Bearing with End Leakage, C/R = .307 (Ref. 10).
Figure 9 - Velocity Profile in Concentric Cylinders (Ref. 11).
Figure 10 - Velcoity Fluctuations in Concentric Cylinders (Ref. 11).
Figure 11 - Velocity Fluctuations in Eccentric Cylinders (Ref. 11). 
is high for the film and low for the thick film. This is said to be an in­
dication of turbulence being swept into the film region from some highly
turbulent zone.
35Traugott has performed experiments in induced swirling flows with both 
tangential and axial flow fields. Measurements of fluctuating velocity 
components and turbulent stresses were taken.
THEORETICAL WORK
A. Introduction
Theoretically speaking, one is faced with finding a mathematical descrip­
tion for the turbulence to be used in the appropriate form of the Navier- 
Stokes equations. In classical lubrication theory there are two assumptions 
that are usually made. The first is that the inertia terms are negligible 
compared to the viscous terms. The second is that the derivatives with re­
spect to the normal direction to the flow are greater than those with respect 
to the direction of flow. This second assumption is similar to that made in 
boundary layer theory. The resulting equation is referred to as the Reynolds 
equation.
When the speeds are great enough so that the flow is no longer laminar, 
the first of these assumptions may be in error. Indeed, this is probably one
of the difficulties with taking gross measurements such as those of Smith and 
qFuller, and attributing the results to turbulence. At high speeds, both 
inertia and turbulence effects play a role and it is difficult to distinguish 
between the two. There has been some discussion among the experimentalists as 
to what the correct interpretations are. (See the discussion in (8)). Theo-
12retically speaking, Kulinski and Ostrach have shown from an order of mag­
nitude argument that the inertia terms should be included if the laminar
range is exceeded. Unfortunately, however, almost all of the existing
13theoretical analyses have neglected inertia. Kettleborough's analysis of 
a slider bearing did include inertia and turbulence effects. His results
showed in fact that inertia and not turbulence effects explained the experi- 
1Amental results of Abramovitz. Abramovitz measured torque in a thrust 
bearing operating above the laminar regime.
Apart from the neglect of inertia, another questionable feature of the 
theoretical analyses seems to lie with the mathematical descriptions of
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turbulence. These descriptions are basically of two types. One method is 12 T T
derived from mixing length theories, and the other is derived from logarithmic 
profiles of fully developed turbulent pipe flow Both types have theoretical 
bases in fully developed turbulent flow. As pointed out earlier, the flow in 
bearings is much different than in pipes or boundary layers, where the 
theory used is valid. A third difficulty with the theories is that many of 
them are two-dimensional. From the discussion of vortices, it should be 
clear that a three-dimensional model is clearly called for.
B. Mixing Length Theories
Perhaps the simplest way to deal with the turbulent model is to make 
use of mixing length theory.
If there is no side leakage, then the flow field is assumed two- 
dimensional. After making an order of magnitude analysis and dropping inertia 
terms the equation of interest reduces to:
d£ =
dx "s7  + f e ('p u V )
The turbulent stress term can be written as:
-p u'v' P* I dll|'ay'  ay
where l is the mixing length Prandtl^ used for pipe flow:
H - Ky
where K was a constant = .4.
T a o ^ ’^  dealt with turbulence in an approximate fashion for the case 
of short journal bearings and slider bearings. A short journal bearing is 
one in which the axial length is small, and the pressure term in the x 
direction can be neglected. He computed the average flows by using the 
Blasius law of friction and the l/7th power velocity profile. No direct 
comparison with experiment was made.
Chou and Saibel18 solved equations for a slider bearing. They neglected 
the laminar friction term,
and also modified the mixing length model,
pi2 = K2y(C - y).
This modification was deemed necessary in order to satisfy the boundary 
conditions in the bearing i.e. that Tw = 0 at the upper and lower surfaces.
A numerical example showed that turbulence increased the pressure distribution 
and load carrying capacity.
Constantinescu^® in an early work also employed a mixing length model 
similar to Chou and Saibel where
£= Ky 0 < y < C/2,
1= K(C-y) C/2 < y < C.
He computed results with constant and variable viscosity for a journal 
bearing without leakage. A comparison with Smith and Fuller's experimental 
results and the laminar case are shown in Figure 12. Not very good agreement 
is shown. He also suggested that perhaps a smaller value of K, i.e. K = 0.2
Figure 12 - Pressure Distribution for a Journal Bearing without Leakage (Ref. 19).
Figure 13 - Variation of Pressure with Eccentricity (Ref. 20).
to 0.4 may be more appropriate because of the small film thickness. In a 
20later paper, Constantinescu considers the possibility of side leakage. 
This leads to an additional equation:
^  = U (-p v'w')3yz Sy
Now an additional turbulence term must be accounted for. This is given by 
the formula:
-p v'w1 = pi2 I
‘by  I by
which also comes from mixing length theory. The value of s, is taken to be 
19the same as in his earlier work- In this paper, he also recomputes
his results for K = .3 and compares with Smith and Fuller as shown in Figure
13. Here pressure is plotted as a function of eccentricity ratio, e. Good 
agreement is shown between theory and experiment. This is surprising in 
light of the previous discussion that indicated that fully turbulent flow 
was probably never reached by the experiments. Also to be noted on the 
figure is the authors indication of a change from "turbulent?' flow as the 
eccentricity of the journal bearing increases. This has also been noted
previously in the discussion of experimental work.
21
Arwas, Sternlicht, and Wernick used the same mixing length approach 
19as Constantinescu in application to a full journal bearing and a 180° arc
journal bearing. Side leakage was neglected and K = .4. Agreement appears
to be as good as that of Constantinescu. 19
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Kettleborough, as mentioned earlier, is one of the only authors to 
report computations where inertia and turbulence are considered. He presented 
results for a slider bearing using Chou and Saibel's definition of mixing 
length. His results showed that the inclusion of turbulence gave a compara­
tively small effect and caused a slight decrease in load capacity, in contra­
diction to other theoretical analyses. The increase in load carrying capacity 
was shown to be due to inertia and not turbulence effects. With inertia only,
not turbulence, included in the analysis, qualitative agreement was shown 
14with the results of Abramovitz.
C. Eddy Viscosity Approaches
In fully developed pipe flow, it is well established'*'^ that the simple 
mixing length theories given above do not adequately describe the phenomenon 
of turbuelnce. Logarithmic "laws of the wall" suggested by Boussinesq, 
Reichardt and others are used. These laws were arrived at by fitting fully 
developed pipe flow data. The flow field is found to be composed of several 
regions, each with a different logarithmic law.
22Reynolds was probably the first to use this approach. His turbulence 
model included a sublayer, a wall-law region and a core flow. His method, 
applied to a slider bearing, showed pressures produced in the turbulent 
film were ten times greater than those in a laminar film.
The most widely used theory for bearings at present is that developed 
23originally by Ng.. For a two-dimensional flow, neglecting inertia, the 
Reynolds equation can be written using eddy viscosity:
= a_
Bx By (P ( 1 + ^ ) ^ )v ay
For eddy viscosity, Reichardt s formula gives:
—  = K(y+ - S + tanh (^-+) )
Ng found that with a value of K = .4 and S "*" = 10.7 the above formula rea­
sonably fit all regions of pipe flow data. The above expression was then 
used to describe the turbulence in a bearing. The top wall friction was used 
for y+ near the top wall and the bottom wall friction used near the bottom wall. 
Considerable difference between this and Constantinescu's results are shown 
for a long journal bearing, as shown in Figure 14.
This idea has been further expanded by Ng and Pan.^ They computed 
results for a three-dimensional journal bearing. For the longitudinal 
direction:
Bz Bz (p (!+-*> 5*>.v dy
Note that the eddy viscosity was assumed isotropic. They also used the local 
shear stress instead of the wall shear stress in Reichardt's formula. To 
simplify computation, a linearized form of the equations was used. Results 
showed much better agreement with Smith and Fuller's experiment than did
Constantinescu's analysis as shown in Figure 15.
25Elrod and Ng have modified the above theory by using a constant eddy 
viscosity in the core region, as suggested by Clauser:
ec = jt I (u~ ■ u)dy
o
6 ( DEG )
Figure 14 - Pressure Distribution for a Journal Bearing (Ref. 23).
Figure 15 - Load vs. Eccentricity Ratio (Ref. 24).
Their computations also did not use the linearized equations. Results are 
compared to the linearized case.
Chow and Vohr  ^have applied the linearized Ng and Pan analysis to 
helical-grooved journal bearings. These bearings have a step configuration. 
Inertia effects, as pointed out in the discussion of this paper by Burton, 
may play a significant role at the step. Inertia was neglected in the analysis. 
Performance curves are presented.
27The non-linear analysis of Elrod and Ng was used by Vohr and Chow in 
application to a spiral groove seal. Reasonable agreement is shown with
the experimental results of Pape and Vrakking^ as shown in Figure 16, and 
29Ketola and McGrew as shown in Figure 17.
D. Recent Developments
30Constantinescu in a recent paper discussed a new approach to turbulence 
and inertia effects. He used the integral equations rather than the differ­
ential equations of motion. Approximate constants are used in the velocity
profiles. The skin friction variation can be arrived at from mixing length 
. 25or Elrod and Ng s theory. The method is applied to a slider and step 
bearing. Equations are presented for three-dimensional flows as well.
E. Swirling Flows
Some attention has been given to theoretical analysis of swirling flows. 
This is applicable to the secondary (vortex) flow in bearings. Kinney‘S  has
derived a universal velocity profile for plane rotating turbulent flows.
37(See also Rochino and Lavan .)
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SYMBOLS
Figure 16.- Sealing Coefficient vs. Reynolds Number (Ref. 27). 
Compared to Pape and Vrakking (Ref. 28).
Figure 17 - Sealing Coefficient vs. Reynolds Number (Ref. 27). 
Compared to Ketola and McGrew (Ref. 29).
CONCLUSIONS
The field of study outlined above can perhaps be best described as one 
in which the theoretical analyses have somewhat gotten out of hand in that 
they are developing in more and more detail a mathematical model that does 
not adequately describe the physical situation. However, in the case of 
turbulent flow no adequate mathematical model can be developed without the 
use of empirical knowledge. The gross and largely qualitative measurements 
that have been made in the past in this field are completely inadequate to 
even suggest such a model.
Experimental information is sorely needed to better describe the nature 
of turbulent flow in bearings. Such experiments should measure mean and 
fluctuating components of the flow for such realistic configurations as 
eccentric journal bearings, step journal bearings, helical grooved bearings 
and spiral grooved bearings.
The experiments should also study three-dimensional effects of side leak­
age, and different methods for introducing the lubricant into the bearing.
These measurements could be used to supply data for new theories. Only 
then can questions such as the validity of present mixing length and "law of 
the wall" approaches and the effects of inertia be discussed intelligently.
Without such information the study of turbulent lubrication will march 
farther away from reality and become an ineffective scientific endeavor.
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b half clearance, C/2
C clearnace
2f friction factor = 2t /pUw





p dimensionless pressure ■—  (~)2
R mean radius
R^ radius of inner cylinder
R2 radius of outer cylinder
R£ Reynolds number UC/v
Re^^ critical Reynolds number for onset of vortices
T torque
u mean velocity in tangential direction
ub mean velocity in tangential direction at half clearance
u^ mainstream velocity (from boundary layer theory)
u' fluctuating component of velocity in tangential direction
~  7 2 7u v , v , v w average fluctuating components
U tangential velocity of bearing
Ucr critical velocity of cylinder surface for onset of vortices
v mean velocity normal to tangential velocity
V axial velocity
w mean velocity in axial direction
x tangential direction
y direction normal to tangential
y+ dimensionless distance, A  /pv w
z axial direction
Greek Symbols
5+ constant in Reichardt's law of the wall
e eccentricity ratio = eccentricity/clearance






Tw bearing shear stress
PC2
1p sealing coefficient, —  —LpNR
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DISCUSSION
GOLDSCHMIDT (Purdue University): Whenever we have a so-called non-laminar 
structure, whether we want to say it is a Taylor vortex instability or deter­
ministic pattern or whatever we want to call it, insertion of a probe can 
easily disturb it. It's very hard to measure vortices with a hot wire. Would 
you be willing to comment on how the problem can be approached?
MACKEN: It seems to me you would perhaps have a problem disturbing the vortex
type motion with probes, but I'm not really qualified to comment as I'm not an 
experimentalist. We have been first of all trying to look at the convective 
terms in the equation. Kettleborough, for instance, reported in his analytical 
studies some years ago that effects attributed to turbulence were really 
caused by inertia. As far as the turbulence stresses are concerned, what we 
would like to do is to actually go back to some of Taylor's original work and 
to the work of DiPrima on stability, and see if a model can be developed along 
these lines.
D. D. PAPAILIOU (Purdue University): You presented u' and you presented this 
eddy viscosity diagram, how do you measure those things? On what do you base 
your Reynolds number?
MACKEN: Those measurements were made by Burton and Carper using a hot-wire 
anemometer. The Reynolds number is based on the film thickness.
R. V. EDWARDS (Case Western Reserve University): You could try a laser—  
laser Doppler flow meter, or laser Doppler velocimeter, or laser Doppler 
anemometer. If you can take a picture of it you should be able to make a 
flow measurement of it and get the velocity components.
H. NAGIB (Illinois Institute of Technology): We have been trying to make 
measurements in swirling flows for the last four or five years. It is a head­
ache to stick probes in there. What we have been trying to do is put the probe 
in and try to visualize its disturbance using some flow visualization technique 
If the turbulence is sufficiently established, if the Reynolds number is 
sufficiently high for axial flow or for tangential flows, then you may not run 
into serious problems. But if you are within the transition region there are 
problems because there are things happening upstream of the probe. If we 
convince ourselves that it is not disturbing the mean flow then we take the 
visualization out and do the quantitative measurements. So if you are really 
interested in measurements, perhaps you should first look at visualization 
and see what effects the probe is causing.
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